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Abstract 
Low cycle fatigue behaviour at room temperature of two 14Cr ferritic steels with ultrafine grains and strengthened by 
fine oxide dispersion is studied. The two steels differ mainly in the grain size distribution (uniform and bimodal). It is 
shown that the bimodal grain size distribution has a detrimental effect on the fatigue life time. The rough surface 
relief is formed in grains bigger than 1 m in diameter. Nucleation and early growth of fatigue cracks is facilitated by 
the surface relief which leads to important reduction of the fatigue life. 
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1. Introduction 
The choice of structurally proper material for fusion device introduces one of critical issues during 
fusion energy development. The structural material will be exposed to strong neutron flux originating 
from fusion plasma at elevated temperatures. Therefore it must combine good mechanical properties as 
well as good irradiation resistance [1-2]. High chromium ferritic steels studied in this work are under 
development for the future fusion reactors. They combine small grain size under 1 m and strengthening 
by very fine oxide dispersion. The materials belong to the family of ultrafine-grained (UFG) materials. 
Low cycle fatigue behaviour of UFG ODS steels was studied only occasionally [3-5]. The significant 
increase of the monotonic and cyclic strength of the material due to oxide dispersion is documented [3-4]. 
Other beneficial effects of oxide dispersion consist in increasing the maximum application temperature 
and stabilizing the cyclic response [5]. 
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In this paper, the cyclic strength, fatigue lifetime, evolution of surface relief and fatigue crack 
nucleation mechanisms of two similar steels with different microstructures are compared. 
2. Experiment 
Two 14Cr ODS ferritic steels prepared by powder metallurgy were studied. The first material was 
finalised in the CEA (Saclay, France). The preparation of a metal and yttrium powder was performed by 
the Plansee Holding AG. In the CEA, the powder was degassed at 300 °C and consolidated by hot 
extrusion at 1100 °C, air-cooled and then annealed at 1050 °C for one hour [6]. The second material was 
produced at the EPFL (Lausanne, Switzerland). The powder was mixed by planetary ball milling for 50 
hours in H2 atmosphere. The following treatment consisted of degassing at 800 °C for two hours, HIPing 
at 1150 °C and 200 MPa and annealing at 900 °C.  The chemical composition of both steels is given in 
Table 1. 
Only small quantities of both steels were available. Therefore, geometry of fatigue specimens followed 
a design developed within “Small Specimen Testing technology” program. The specimens have diameter 
of 2 mm and gauge length of 7.6 mm. In case of the CEA steel, specimens were produced with specimen 
axis parallel to the extrusion direction. Gauge length of all specimens was mechanically and 
electrolytically polished. 
The specimens were tested in MTS 810 servohydraulic machine. A symmetrical cycle was used and 
total strain amplitude was kept constant during cycling (R = -1). Strain was measured by an extensometer 
attached to the specimen gauge length by ceramic rods. The amplitude of plastic strain ap was determined 
as half-width of the hysteresis loop. Engineering stress and strain are used in the paper. All tests were 
carried out in air at room temperature (23 °C).  
The Tescan Lyra FEG scanning electron microscope (SEM) was used for surface observation. 
 Table 1. Chemical composition of studied steels in wt. % 
 Cr W Ti Mn Y2O3 Fe 
CEA steel 13.64 1.17 0.3 0.33 0.3 rest 
EPFL steel 14 2 0.3  0.3 rest 
3. Results  
3.1. Microstructure 
The TEM (transmission electron microscopy) of the as-received state revealed fine microstructure in 
both steels. The grains elongated along the extrusion axis with the average size of 0.49 m ± 0.2 m in 
the transverse direction were determined from TEM micrographs of the CEA steel. The dislocation 
density inside grains is relatively high. The bimodal structure was found in the EPFL steel. The 
microstructure consists of small grains with the average size of 0.34 m ± 0.18 m and of big grains with 
size of several micrometers. The dislocation density inside both grain types is high. Examples of TEM 
micrographs of studied steels are shown in Fig. 1. 
3.2. Fatigue life curves 
The fatigue life curves of both 14Cr ODS ferritic steels are shown in Fig. 2. It was reported elsewhere 
[5], that the studied steels do not always exhibit stable cyclic behaviour. Therefore, the stress and plastic 
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strain amplitude at half-life is used as a representative value for fatigue life curves as well as for 
cumulative plastic strain plcum calculation. The derived Wöhler plots are shown in Fig. 2a. Both materials 
exhibit high fatigue strength due to oxide dispersion. The CEA steel possesses longer fatigue life in low 
strain amplitude region while the EPFL steel exhibits higher strength in high strain amplitude region.  
Fig. 1 TEM micrographs of as-received materials (a) the CEA steel, (b) the EPFL steel. 
The Coffin-Manson plots are shown in Fig. 2b. Obviously, the CEA steel exhibits better resistance to 
cyclic plastic strain than the EPFL steels. Slopes of both curves are similar. This behaviour is also 
confirmed by plcum calculation. For example, under loading by total strain amplitude a = 0.4 %, plastic 
strain amplitude was comparable for both steels, nevertheless value of plcum equals to 51 % for the EPFL 
steel, while value calculated for CEA is 660 %. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 (a) Derived Wöhler plot and (b) Manson-Coffin plot of studied steels. 
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3.3. Surface observations 
The specimen surface was observed after failure. In case of the CEA steel, SEM observation revealed 
relatively high density of fatigue cracks in specimens cycled with high strain amplitudes. No clear surface 
relief (extrusions, intrusions) formed due to the cyclic straining was observed. An example of a fatigue 
crack is shown in Fig. 3a.  Small shear bands inclined to 45 degrees to the stress axis are visible close to 
the crack tips. Similar observation was performed on specimens cycled using low strain amplitude, see 
Fig. 3b. In this case, the density of fatigue cracks is very low. All observed fatigued cracks (all 
amplitudes) initiated from microstructural defects (voids). Fatigue cracks grew mostly perpendicularly to 
the stress axis, the growth in “stage I” common to materials having bigger grains [7] was not found. 
 
 
 
 
 
 
 
 
 
Fig. 3 Fatigue cracks nucleated in voids in the CEA steel at room temperature. a) a = 0.7 %; b) a = 0.4 % 
 
 
 
 
 
 
 
Fig. 4 Surface relief and small cracks in the EPFL steel. at room temperature. a) a = 0.7 %; b) a = 0.4 % 
The situation is quite different in case of the EPFL steel. The surface relief originated due to cyclic 
plastic loading is formed in some larger grains (Figs. 4). The relief is not formed in usual way of 
persistent slip markings of about 1 m in thickness but all the surface of such grain is covered by rough, 
mostly parallel, thin bands. The inspection of micrographs reveals that the preferential crack nucleation 
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sites are voids surrounded by grains with rough surface. Crack nucleation within the surface relief without 
a void was observed too (Fig. 4a, lower left corner). The crack pass is most often located along the 
interface between the rough area and seemingly non-deformed region. Intragranular crack growth is 
observed in some areas too. 
 
4. Discussion 
The two materials prepared by powder metallurgy differ substantially in the microstructure. Both steels 
can be classified as ultrafine-grained materials. The grains in the CEA are elongated and have 0.49 m in 
diameter in transverse plane. Equiaxed grains of the EPFL steel reach even smaller grain size (0.34 m), 
but regions with grains about 3 m in diameter were documented. The higher strength of the EPFL steel 
may be explained by smaller grain size in the small grain regions. While the level of saturated stress is not 
strongly dependent on the grain size for coarse grains materials [8], the situation is reversed for UFG 
materials. In grains under ~1 m, the low-energy 3D dislocation arrangements in the form of e.g. walls 
and channels are not formed [9] and a Hall-Petch type relation between the saturated stress and grain size 
is valid [10]. 
The clearly shorter fatigue life of the EPFL steel in comparison with the CEA steel is somewhat 
surprising. The current knowledge of the fatigue behavior of the UFG materials documents that 
development of bimodal microstructure by well designed heat treatment might lead to mild reduction of 
saturated stress level but important improvement of ductility which is reflected by longer fatigue lives in 
the Coffin-Manson plot. Most significant studies are in agreement in this point (see e.g. reviews [11] and 
[12]). Nevertheless, there are some important differences between case studies cited in [11] and the 
present case:  
•  mostly fcc metals (Cu, Al) were studied but the ODS steels have bcc lattice; 
•  UFG produced by severe plastic deformation (ECAP) were studied but the ODS steels are 
produced by powder metallurgy which implies differences e.g. in the grain boundary 
characteristics. Many low-angle boundaries are created by the ECAP procedure while almost 
uniquely high angle boundaries are a consequence of powder metallurgy technology; 
•  main strengthening mechanism are different: reduction of the grain size in the ECAP materials 
and the presence of oxide particles in the ODS materials; 
• the surface relief due to cyclic loading is evolved in ECAP copper irrespective of the grain size 
distribution but it is developed only in the largest grains in the ODS materials. 
The last point is apparently the reason of shorter fatigue life of the material with bimodal grain size 
distribution: the evolution of surface relief facilitates the crack nucleation which is the longest stage 
of the fatigue life of high-strength materials. Also, the small fatigue cracks grow preferentially along 
the interface between highly plastically deformed grains and the surrounding material in the EPFL 
steel. These two effects result in reduction of the fatigue life of one order of magnitude.  
 
5. Conclusions 
Comparison of fatigue behaviour of two high chromium ferritic steels strengthened by oxide dispersion 
with different microstructure lead to the following conclusions. 
The CEA steel with uniform grain size: 
• no surface relief evolved due to cyclic loading is formed; 
• fatigue cracks nucleate from small voids. 
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The EPFL steel with bimodal grain size distribution: 
• characteristic surface relief due to cyclic deformation is formed only in grains bigger than ~1 
m; 
• fatigue cracks nucleate preferentially in grains with rough surface, sometimes containing voids; 
• the growth of small crack is facilitated by the surface relief; 
• these effects result in important reduction of fatigue life as represented by the Coffin-Manson 
plot or by the level of cumulative plastic strain. 
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